A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 84 Biome-specific optimum air temperature parameters ( ) has been used to calculate -85 biome-specific temperature scalars ( ) in the biogeochemical models (Table S1) , including -86 MODIS GPP algorithm [Running and Zhao, 2015] , VPM [Xiao et al., 2004b] , TEC [Yan et al., 87 2015] , C-Fix [Veroustraete et al., 2002] , EC-LUE [Yuan et al., 2007] , CFLUX [King et al., 88 2011] , and GLO-PEM [Prince and Goward, 1995] . Several studies reported that the use of 89 biome-specific parameters introduced inaccurate derivation of and could be one of the potential 90 error sources in GPP data product [Heinsch et al., 2006; Sjöström et al., 2013; D P Turner et al., 91 2006 ]. Note that a vegetation biome often covers very large geographical domain, and vegetation 92 may adapt to its local climate over years and thus develop site-specific optimum air temperature 93 ( ) [Huang et al., 2019] . There is a need to quantify the range of parameter values --94 and the difference between and parameter. There is also a need to quantify the --95 potential of using parameter to improve GPP estimates in the models. To date, only a few -96 studies reported the use of in estimating GPP [Potter et al., 2003; Sasai et al., 2005 ].
-97 However, these studies have not used the GPP estimates and air temperature from the eddy flux 98 tower sites to quantify the relationship between air temperature and GPP and estimate -99 parameter values. Therefore, our knowledge on the parameter values and the potential of -100 using parameter to improve GPP estimates are still very limited. A number of scientific -101 questions need to be addressed: what is the most appropriate method for estimating from -102 both GPP data in the eddy flux tower sites (GPP EC ) and satellite datasets (NDVI, EVI)? What are 103 the differences between site-specific temperature scalar ( ) and biome-specific temperature -104 scalar ( ), and to what degree does affect GPP estimates in the data-driven models?
--105 The answers to these questions will help improve our understanding in many aspects of Page 3 of 21 AUTHOR SUBMITTED MANUSCRIPT -ERL-107503 .R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Data from grassland (GRA) flux tower sites at mid-to high-latitudes were used in this 143 study, and the details for these sites were described in the FLUXNET-2015 dataset. We selected 144 the flux sites based on the following criteria: (1) the site has obvious seasonal changes, winter 145 (daily daytime mean temperature (T DT ) lower than 0ºC) last at least two months for each year; 146 (2) land cover type at the site is homogeneous within the MOD09A1 (500 m) pixel (Fig. S1); (3) 147 the site has continuous observation for at least one year. . In this study, we selected and analyzed Page 4 of 21 AUTHOR SUBMITTED MANUSCRIPT -ERL-107503 .R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 5 148 11 GRA sites. Spatial distribution and meteorological information of all the flux tower sites used 149 in the analysis were shown in Fig. S2 and Table S2.   150 2.2 Meteorological data and GPP data from the flux tower sites   151 The FLUXNET-2015 dataset provides meteorological data, water flux, and CO 2 fluxdata 152 at half-hourly, hourly, daily, and yearly intervals. We visually checked the tower observations, 153 and the values with low quality such as having same values in a whole year were removed. We 154 also calculated daily downward surface solar shortwave radiation ( ), daily daytime mean ↓ 155 temperature (T DT ), and daily GPP (GPP EC ) which was calculated with the variable USTAR 156 filtering approach and daytime portioning method [Kumar et al., 2016] . Then, 8-day , T DT and ↓ 157 GPP EC were generated from daily products respectively, and used in VPM GPP simulation and 158 comparison.
2.3 MODIS vegetation indices 160
This study used the Moderate Resolution Imaging Spectro-radiometer (MODIS) land 161 reflectance product MOD09A1 V006 (500 m spatial resolution and 8-day interval) [Vermote, 162 2015] . For all the sites, three vegetation indices including normalized difference vegetation index 163 (NDVI) [Chang et al., 2018; Rouse Jr et al., 1974] , enhanced vegetation index (EVI) [Huete et 164 al., 2002] and land surface water index (LSWI) [Xiao et al., 2004a] were calculated using 165 equation (1), (2), and (3) based on the following MODIS spectral bands: red band (RED) (620-166 670 nm); near infrared band (NIR) (841-876 nm); blue band (BLUE) (459-479 nm), green band 167 (GREEN) (545-565 nm), and short wavelength near infrared band (SWIR) (1628-1652 nm).
168
(1) = -+
169
(2) = 2.5 × -( + 6 × -7.5 × + 1)
170
(
To filter out poor quality observations, we firstly identified those affected by ice, snow, 172 and cloud using the quality assurance (QC) layer . Poor quality 173 observations were replaced by the multi-year mean of good observations at the same time period. 174 The Best Index Slope Extraction (BISE method) were used to further detect the abnormal 175 observations unidentified by QC layer. The abnormal values were then filled with the mean 176 value of its nearest two observations [Viovy et al., 1992 9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 6 187 air temperature (x-axis) and GPP or vegetation indices (y-axis) ( Fig. 1) , we define the site-188 specific optimum air temperature as the daily air temperature when GPP or vegetation indices 189 reach its peak value within the growing season.
190
In the 95% maximum method, we firstly found the maximum values of GPP EC (GPP EC-191 max ), or EVI (EVI max ) for each site. We calculated the optimum temperature as the daily daytime 192 mean temperature (T DT ) during those observations with GPP, or EVI values equal or higher than 193 95% GPP EC-max or EVI max (Fig. 1 a b ). Estimated using 95% maximum method from -194 GPP EC and EVI were named as , . Following CASA model
195 and NDVI, the were defined as the average monthly T DT when GPP EC-max or ---196 EVI max occur ( Fig. 1 c) .
197
In the GAM regression method, the relationship between GPP EC values (or EVI values) 198 and T DT at a site over all the years were determined using a cyclic penalized cubic regression 199 spline smooth model in R software. The optimum temperature for this site was then defined as 200 the T DT when GPP EC (or EVI) reached to maximum value in the GAM regression line ( Fig. 1 d , 201 e). estimated by the GAM method from GPP EC and EVI were named as -
202
, and . 
where is light use efficiency, is the fraction of PAR absorbed by chlorophyll, ℎ 214 and is the photosynthetic active radiation. EVI is used to estimate . Temperature ℎ 215 stress ( ) and water stress ( ) are used to downscale maximum LUE ( ) and estimate . 0 216 is calculated using the temperature response equation documented in the Terrestrial 217 Ecosystem Model (Raich et al. [1991] , as shown in equation (6):
where, T is the daily daytime mean air temperature ( ); , , and are ℃ 220 minimum, maximum and maximum air temperature for photosynthesis, respectively. The biome-221 specific parameters used in the global VPM GPP simulations came from the biome-specific 222 look-up We estimated for each site with the three methods using GPP EC , EVI and NDVI -230 (Table S2 ). Results (Fig. 2) showed that values had large difference within the grassland -231 sites, and the estimates of for individual sites were very different to used in the --232 global VPM GPP product (27ºC). For the estimates of based on every method, difference -233 between the highest and lowest of the 11 grassland sites was larger than 10 ºC.
--234 calculated from EVI and NDVI were significantly correlated with from GPP EC when -235 using same estimation method (RMSE values are from 1.58 to 3.28 ). As shown by the linear ℃ 236 regression results (RMSE, R 2 , P-value), estimates from NDVI using the two methods -237 developed in our study, and , were more consistent with Fig. 2 c, d ). 248 previous global GPP simulation has underestimated or overestimated temperature limitation 249 (temperature constraints) on photosynthesis for grassland sites, especially for the sites with low 250 temperature such as IT-Tor and IT-MBo, where annual mean temperature are 5.1ºC and 2.9ºC, 251 respectively (Table S3 ). For most grassland sites, GPP VPM values calculated with ( ) were --257 significantly correlated with GPP EC , and had a higher correlation coefficient (R 2 ) and lower 258 RMSE than results from (Table 1) . Also, values estimated from four --259 types of ( , , , and ) were
260 higher than with various values for almost all the intervals of the totally 11 grassland -261 sites (Fig. 4 a-d ). For some sites, values were higher than , up to 4 g C m -2 --262 day -1 at summer. In addition, average annual (1121.20 g C m -2 year -1) was 25.36% -Page 7 of 21 AUTHOR SUBMITTED MANUSCRIPT -ERL-107503 .R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 8 263 lower than average annual GPP EC for the selected grassland sites (1502.16 g C m -2 year -1 ) ( Fig. 4  264 e ). Average annual were higher than for 80 ~ 178 g C m -2 year -1 , --265 dependent upon methods. Four types of annual were lower than GPP EC for 11.95% values along latitude, while our study didn't find clear relationship between T opt 289 and latitude, annual precipitation and temperature for the 11 grassland sites (Fig. S3 ). This is 290 likely caused by the limited number of grassland sites, or due to that grasslands are sensitive to 291 both temperature anomalies and water supply and cannot be well explained by single climate 292 factor [Green et al., 2019; Hufkens et al., 2016] .
293
In recent years, many approaches have been developed to reduce the impacts from 294 biome-specific look-up (Fig. 2) , which --303 indicate that EVI is a reliable indicator for estimation in space, which could contribute to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 9 305 the monthly mean temperature when NDVI reaches its maximum [Yan et al., 2015] , and thus 306 was suffering more accidents than that with 95% max and GAM regression ---307 ( Fig. 1) . What's more, NDVI was more affected than EVI especially at regions mixed with 308 complicated back ground information [Chang et al., 2019] . As previous validation study has 309 proved that the global GPP VPM product with had been more reliable than GPP CASA when -310 compared with GOME-2 SIF data, our GPP VPM with could be much more competitive in -311 models comparison studies . It's significant to applicate the estimation -312 methods in other land cover types, and explore the effects on GPP simulation. Both the datasets 313 and methods in this study have widely applicability in other land cover types 314 Accurately estimation is a reasonably reliable way for improving GPP estimates. . Our results indicated that using of in previous VPM GPP studies could lead to -319 an underestimation GPP of 25% for grassland ecosystems annually (Fig. 4 e) . But we found that 320 even though the use of improved GPP estimation and got higher GPP values than using -321 in most grassland sites, GPP VPM with were still lower than GPP EC from eddy --322 covariance observation for many 8-day intervals (Fig. S 4 a-d) , and is about 5%-12% -323 lower than GPP EC annually (Fig. 4 e) . The annual underestimation mostly occurred in the higher 324 GPP years with 1400 g C/m 2 /yr at AT-Neu (2002-2012) and CH-Oe1 (2002) (2003) (2004) (2005) (2006) (2007) , which could 325 be caused by the inter-annual and inner-annual variability of C3/C4 composition which are not 326 well recognized in the models . Åt AT-Neu (Fig. S6 ) 327 and CH-Oe1 (Fig. S7) , the staring of season (SOS) and ending of season (EOS) from GPP EC and 328 GPP VPM agrees well with each other, but the magnitude differs substantially between them in a 329 few years (eg., 2002, 2003, 2004, 2006 at AT-Neu). Both shortwave radiation data and 330 vegetation index data do not support very high GPP EC in those 8-day periods of those years. We 331 used daily GPP portioned by NEE in the flux tower sites which has reported to have errors or 332 uncertainties in some observations [Reichstein et al., 2005] . Here, we would like to attribute the 333 quality of GPPec data as a major source for the large discrepancy between annual GPP VPM and 334 GPP EC in some years. The daily GPP data showed that the abnormal GPP EC values could be 335 caused by the intensive rainfall ( Fig. S8 and Fig. S9 ). The consistency between GPP EC and 336 climate data and remote sensing data are important for us to evaluate GPP EC data. However, the 337 use of slightly overestimated for the years with lower annual GPP. The overestimation 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 10 350 significantly correlated to GPP [Badgley et al., 2017] , and has been used for GPP estimates 351 globally in 0.5º [Badgley et al., 2018] . Also, significant linear relationships between GPP and 352 OCO-2-based SIF product (GOSIF) contributed the work that estimating GPP in 0.05° using 353 GOSIF [Li and Xiao, 2019] . Further studies are needed to explore the possible ways to improve 354 GPP estimation at the ecosystem scale.
355
The satellite-based product with higher estimates accuracy could be more -356 reliable for studying the impacts of climate variability, especially climate extreme events, on 357 ecosystem. Here, we take drought, which are expected to show intensify frequency and 358 consequences under climate change [Jiao et al., 2019b; Jiao et al., 2016] , as an example for 359 discussing the possible contributes of our study in future study. Previous studies based on three 360 different global GPP products reported that the impact of drought on terrestrial primary 361 production was underestimated by satellite-based LUE GPP models [Mu et al., 2007; Sims et al., 362 2008; Turner et al., 2005] . The reason for the underestimation is that these GPP models didn't 363 simulate the water balance, or didn't account for the direct effects of soil moisture in addition to 364 VPD and changes in greenness [Jiao et al., 2019a; Stocker et al., 2019] . Our study found that 365 GPP VPM computed with for the years with higher precipitation had greater improvement -366 than at the years with lower precipitation (Fig. S5 ). This result indicated that the used in -367 previous global GPP simulations might finally underestimate the decrease of GPP from normal 368 year to drought year, which could be one of the reasons for the underestimation of drought 369 impacts on ecosystem productivity. As known, it is often accompanied by higher temperature 370 when drought occurs [L Zhang et al., 2017] . The plants are thus actually suffer both water stress 371 and temperature stress under drought. As drought condition was different with and lower -372 than , thus, the use of might not capture well the effect of increasing temperature
373 on GPP, and therefore got the severer underestimation. Future GPP models need to consider the 374 comprehensive impacts from multi parameters such as temperature, water, canopy structural, leaf 375 nitrogen and chlorophyll content.5. Conclusions
376
Our study explored the estimates of from satellite and the potential of using -377 in estimating GPP of grasslands. We found that EVI has similar performance with in-situ -378 measured GPP EC for determining photosynthesis . We also compared the differences in -379 values using different extraction methods and different data sources. Our results provided -380 references with data sources and methods for reliable estimation and more accurate GPP -381 simulations at the site and global scales. values differ among sites and differ from --382 significantly. We found significant improvement in the accuracy of GPP estimates for grasslands 383 by using rather than . We suggest that terrestrial ecosystem models should --384 account for site-specific temperature parameters. As the climatic impacts on ecosystems were 385 always assessed by GPP anomalies, an improved GPP product would help us better understand 386 the impacts of extreme events on terrestrial ecosystem carbon cycles, and better manage 387 terrestrial ecosystems.
388 Acknowledgements
389
This study was supported by research grants from the USDA National Institute of Food 390 and Agriculture (NIFA) (2013-69002 and 2016-68002-24967), and the US National Science 391 Foundation EPSCoR program (IIA-1301789). This work used eddy covariance data acquired and 392 shared by the FLUXNET community, including these networks: AmeriFlux, AfriFlux, AsiaFlux, Page 10 of 21 AUTHOR SUBMITTED MANUSCRIPT -ERL-107503 .R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Page 12 of 21 AUTHOR SUBMITTED MANUSCRIPT -ERL-107503 .R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 --
660
Page 20 of 21 AUTHOR SUBMITTED MANUSCRIPT -ERL-107503 .R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
